pared the decomposition rates of this material with those obtained when mixing the litter with inorganic phases. The authors found that total C loss and the mineralization of carbohydrates were inhibited in the presence of Al hydroxide and, to a lesser extent by Fe oxide, but were promoted in the presence of Mn oxide (Miltner and Zech, 1998) . Nitrogen was not lost during the 500-day incubation period (Miltner and Zech, 1999) . This suggests an effective but mineral-dependent cycling of N through microbial biomass in the course of the litter-C mineralization.
The objective of this study was to investigate the effect of minerals on the fate of fungal and bacterial N residues during litter decomposition. For this purpose, we determined individual amino sugars in samples from the incubation experiment of Miltner and Zech (1999) . Muramic acid was used as a marker for bacterial cell wall residues, and fungal residues were indicated by the additional presence of glucosamine. Care must be taken when using galactosamine as a marker for actinomycetes, bacterial gums, and polysaccharides inasmuch as a few taxonomic groups of fungi also contain galactosamine (Parsons, 1981; Herrera, 1992; Amelung, 2001 ).
MATERIALS AND METHODS

Incubation Experiment
The samples were obtained from the experiment conducted by Miltner and Zech (1998) . Briefly, air-dried beech leaf litter (Fagus sylvatica L.) sampled in spring was cut into pieces of approximately 1 cm 2 and mixed with synthetic mineral phases (Fe oxide, Al hydroxide, Mn oxide) or quartz sand at a ratio of 5:1 (w/w). Fe oxide (mainly akaganéite), Al hydroxide, and Mn oxide (birnessite) were synthesized, and the products were characterized as described in Miltner and Zech (1998) . The quartz sand was purchased as sea sand from Merck (Darmstadt, Germany). The surface areas of the minerals, as determined by the ethylenglycol monoethyl ether method (Carter et al., 1965) , were quartz sand, Ͻ1 m 2 g Ϫ1 ; Fe oxide, 398 m 2 g Ϫ1 ; Al oxide, 38 m 2 g Ϫ1 ; and Mn oxide, 175 m 2 g Ϫ1 . Beech litter cuttings without mineral addition were used as the control. After thorough mixing, each of the mixtures was distributed to 25 individual plastic pots (ca 800 mL). The samples were inoculated with a water extract of fresh litter material from the same site. After moistening, the pots were covered with perforated plastic lids (ca 20 holes, each ca 3 mm in diameter) to ensure aeration while minimizing water loss. The samples were incubated in the dark at 20 ЊC and 70% of their water-holding capacity (as determined gravimetrically for each mixture by soaking the material with water overnight and draining it on filter paper for 3 h) without any further additions. The pots were weighed weekly, and evaporated water was replaced to maintain a constant weight. After each sampling event, the total weight to be maintained was adjusted for the mass loss caused by mineralization of organic matter. At each sampling date (0, 15, 29, 90, 239 , and 498 days of incubation), five replicate pots of each treatment were withdrawn from the experiment. Their contents were air-dried and milled before analysis.
Adding minerals changed the hydrochemical regime of the treatments. The pH value increased significantly after addition of Mn oxide and decreased after addition of Al hydroxide (Table 1 ; P Ͻ 0.05) (Miltner and Zech, 1998) . Quartz sand and Fe oxides had no effect on the pH value. During the experiment, all pH values increased during the first 15 days (P Ͻ 0.05). The pH values remained highest for the Mn oxide treatment and lowest for the Al hydroxide additions (Table  1; Miltner and Zech, 1998) .
Chemical Analysis
Total C and N contents of each replicate sample were determined by dry combustion and detection of the produced CO 2 and N 2 by thermal conductivity detection using a Vario EL C/N/H/S analyzer (Elementar Analysesysteme GmbH, Hanau, Germany). The C and N data, as well as previous studies on the chemical properties of the samples, revealed that the variation between the replicate samples did not depend on incubation time Zech, 1998, 1999) . As we were interested mainly in the average time course and the final level of microbial N transformations, we pooled all samples for amino sugar analysis except for the last sampling point, for which all treatments were analyzed for statistical data evaluation. The pooled samples were analyzed in duplicate. The determination of amino sugar monomers was conducted by gas chromatography after their conversion to aldononitrile acetates according to Guerrant and Moss (1984) . The method is described in detail by Zhang and Amelung (1996) . However, the hydrolysis conditions were slightly modified.As recommended by Amelung (2001) (extending the presoaking time to 2 days resulted in losses of muramic acid; author's unpublished data). All analyses were performed in duplicate. The three amino sugars glucosamine, galactosamine, and muramic acid were identified by comparing their retention times with those of authentic standards. Quantification was performed relative to the internal standard myoinositol, which was added to the samples prior to hydrolysis. In addition to the individual amino sugar contents, we calculated the total amino sugar contents as the sum of glucosamine, galactosamine, and muramic acid. The results from the determination of amino sugars were compared with those from earlier protein analysis (Miltner and Zech, 1999) . The authors estimated the protein contents by the ␣-NH 2 -N contents determined by the ninhydrin method (Stevenson and Cheng, 1970) .
Preliminary tests showed that the presence of minerals did not affect amino sugar recovery (Zhang and Amelung, 1996) .Analysis of the samples collected at 0-d incubation time exhibited similar amino sugar yields for all treatments with the exception of slightly higher initial hexosamine contents detected in the samples containing birnessite (20% more than the means). This was not significant according to the outlier test of Grubbs (P Ͼ 0.05) (Hartung, 1989) . The initial muramic acid concentration of the Mn oxide treatment (0.09 g kg Ϫ1 C) was similar to that of the other treatments (0.11 g kg Ϫ1 C). It may, therefore, be concluded that the mineral additions did not significantly catalyze hydrolysis or decomposition of amino sugars during sample processing. Thus, using the average amino sugar contents as the starting value for all treatments seemed justified. The standard error across all treatments was Ͻ10% of the means (Table 1) .
Statistical Evaluation
The effect of incubation time on sample properties was evaluated with an analysis of variance across all treatments defining the mineral treatments as replicates and incubation time as independent factors (StatSoft Inc., 1995) . Differences between the treatments were tested using analysis of variance and the method of least significant differences for the data of the final sampling time (Steel and Torrie, 1980; compare also Miltner and Zech, 1998) . Curve regression fits ( Fig. 1) were obtained using the software package SigmaPlot 4.0 for Windows (SPSS Inc., Chicago, IL). For regression analysis we used a logarithmic growth function, assuming that some initial amino sugar production had occurred between litter fall and leaf litter sampling in spring, i.e., that there was an intercept y 0 at time x ϭ x 0 ϩ 0 days of incubation.
RESULTS
Amino sugars were found in all samples, including those from the start of the incubation. This indicated that microbial cells were already present at the beginning of the incubation, probably produced in the period between the litter fall in autumn and litter collection for the experiment in spring. During the incubation, carbon contents decreased significantly due to mineralization of organic matter, and, as a result of the associated weight loss, the N contents increased (Table 1) ; the absolute quantity of N in the system remained unchanged during the experiment (Miltner and Zech, 1999) .
Normalizing the amino sugar concentrations to the C content of the samples indicated a significant amino sugar accumulation in SOM during incubation (Table 1 ; P Ͻ 0.05). This effect was most pronounced in the presence of Mn oxide and least pronounced when Al hydroxide had been added to the samples (significant only for these treatments; Table 1 ). Compared with the amino sugar-C proportions, the increase of the contribution of amino sugars to total N was less pronounced after 498 days of incubation, and, as indicated by overlapping LSD, did not differ among treatments (Table 1 ; P Ͼ 0.05). The different time patterns of C-and N-normalized amino sugar contents are a consequence of different C and N dynamics: nonmicrobial C is mineralized and lost from the system whereas N is recycled.
As sample weight, C, and N contents vary during the experiment, the contents of amino 
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AMELUNG, MILTNER, ZHANG, AND ZECH SOIL SCIENCE sugars normalized to any of these parameters will be affected by these changes as well as by changes in both the amino sugar production and the degradation rate. To monitor the changes in the amount of amino sugars present independent of changes in C, N, or sample weight, we calculated the absolute quantity of amino sugars (ϭ product of amino sugar content in g kg Ϫ1 sample weight and dry mass recovered). To illustrate the difference in using the contents and absolute quantities for describing amino sugar dynamics, we considered the control (Fig. 1) . Both the glucosamine and galactosamine contents seemed to increase during incubation when they were expressed in g kg Ϫ1 sample weight; only during the first days did the glucosamine contents decrease. The difference in the glucosamine contents between the first and third sampling date, however, was too small to affect accumulation rate significantly (Fig. 1a) . With respect to absolute quantities, however, only galactosamine increased with incubation time, whereas glucosamine clearly declined during the first 90 days of incubation, and although it re-increased thereafter (Fig. 1b) , it remained lower than the initial quantity throughout the experiment. The different processes compensated for each other so that after 498 days, the absolute quantity of amino sugars was not significantly different from the initial quantity (P Ͼ 0.05).
Calculating the relative changes of individual amino sugar quantities for the control revealed that 498 days of incubation resulted in a significant 23% loss of glucosamine relative to the initial amount (P Ͻ 0.05; Fig. 1b) . In contrast, the galactosamine quantity had significantly increased by a factor of 3.3 (P Ͻ 0.05; Fig. 1b ) and muramic acid contents by a factor of 4.8 (P Ͻ 0.05) during the incubation. Changes in amino sugar pattern in the beech litter treatment thus reflected both an increased decomposition of glucosamine and an increased synthesis of galactosamine and muramic acid. This resulted in decreasing ratios of glucosamine to muramic acid and of glucosamine to galactosamine as incubation proceeded (P Ͻ 0.05; Table 1 ).
Compared with the control, higher ratios of glucosamine to galactosamine and of glucosamine to muramic acid were found in the Al treatment, a tendency that was also found in the Fe treatment at the end of the experiment (Table 1) . This suggested that minerals could have selectively affected amino sugar decomposition and/or accumulation rates. To clarify the effect of minerals on individual amino sugar fates, amino sugar quantities in the mineral treatments at 498 days were related to those of the control. The results revealed that Al hydroxide additions either significantly inhibited the decomposition of glucosamine or enhanced its production, the final concentration being a factor 1.3 higher than in the control (Table 2) .We assume that decomposition was inhibited because Al hydroxide was more likely to inhibit microbial activity and degradation processes than to promote them Zech, 1998, 1999) . The accumulation of muramic acid and galactosamine, however, was suppressed in the order Al hydroxide Ͼ Fe-hydroxide (significant only for muramic acid) Ͼ Mn oxide Ն quartz sand (Table 2 ). This sequence does not simply reflect the differences in surface area (see Methods section) but indicates a decline of sorption capacity in the same order (Tipping and Heaton, 1983; Kaiser and Guggenberger, 2000) . The effect of Mn oxides on glucosamine accumulation (1.2 times higher than in the control, Table 2 ) should not be overinterpreted since Mn additions also tended to promote initial amino sugar release by a factor of 1.2, although this was not significant. From these results, we conclude that surface active mineral phases, such as Al hydroxides and Fe oxides, retard litter decomposition rates via inhibitory effects on the amino sugar-producing microbial community, whereas the presence of an inactive mineral phase, such as quartz sand, did not affect bacterial amino sugar Beech leaf litter  100a  100b  100c  100a  Al-hydroxide  133b  65a  42a  102a  Fe-hydroxide  115a  74a  78b  98a  Mn-oxide  122b  114b  95c  118a  Quartz sand  117a  119b  116c  117a Different letters (a-d) within the same column indicate a statistical difference (P Ͻ 0.05; ANOVA followed by contrast analysis; Statsoft, 1995).
--------------------absolute quantity relative to the control, % ---------------------
dynamics significantly. This suggests that the activity of mineral matrices was important for microbial growth in this experiment. The accumulation of glucosamine in the mineral treatments was compensated for by lower gains in the bacterial biomarkers galactosamine and muramic acid. As a result, total amino sugar quantities were not affected by mineral additions ( Table 2) .
DISCUSSION
Previous studies have suggested that amino sugar contents are not related to microbial biomass or activity at sampling time because more than 90% of the amino sugars occurs in dead cells (Chantigny et al., 1997; Guggenberger et al., 1999) . In the samples of this study, data regarding microbial activity have not been recorded. However, Miltner and Zech (1998) reported that potential cellulase activity remained constant when beech litter was incubated without minerals or with sea sand addition. In all other treatments, cellulase activity (in mg glucose g Ϫ1 C) decreased significantly with incubation time and was thus inversely related to amino sugar concentrations (in mg g Ϫ1 C). If we assume that the time pattern of cellulase activity parallels that of microbial activity, the constancy of amino sugar-N proportions confirms that most amino sugars are not located in the living microbial biomass but are rather withdrawn from active microbial N cycling and may thus accumulate. To understand the fate of the residues during the incubation experiment, we need to consider the turnover of substrates, changes in microbial growth conditions, and interactions with the mineral phases.
Decomposition of Plant Material
During our incubation experiment, plant litter was metabolized by microorganisms, which used part of the carbon to build their own biomass. Therefore, we expected a shift from plant biomass to microbial biomass. For proteins, Miltner and Zech (1999) hypothesized that after 90 to 239 days, increased decomposition of plantderived proteins was compensated for by increased resynthesis of microbial proteins. Nevertheless, they could not prove this hypothesis because of a lack of information on the origin of the organic N. This study, however, relates the absolute quantity of ␣-NH 2 -N (data from Miltner and Zech, 1999) to that of the microbial amino sugar-N residues found in this study.With increasing time of incubation, the ratio of ␣-NH 2 -N to amino sugar-N exponentially decreased in all treatments (Fig. 2) because amino sugars accumulated relative to protein N. The flattening of this ratio indicated the paralleled synthesis of amino sugars and microbial proteins. As this occurred between 90 and 239 days of incubation, the above-mentioned hypothesis of Miltner and Zech (1999) was supported. The delay of the protein minimum relative to the amino sugar minimum may be caused by a simple mass effect reflecting that compared with the content of glucosamine, a ten-times higher content of plant-proteins may simply require a longer time period to be degraded by the prevailing microbial community.
The addition of minerals did not affect the ratio of the ␣-NH 2 -N/aminosugar-N significantly, as suggested by the small standard deviations (Fig.  2) . Thus, the ratio of protein-N to amino sugar-N might be a useful indicator for initial soil N transformations in different environments. The lower this ratio, the higher the degree of microbial SON transformations (see also Joergensen and Meyer, 1990) . In the long term, however, this ratio might be of limited use since plant-derived protein-N may be depleted and since substrate limitations may promote microbial residue mineralization. As a result, we did not observe a further decline in the ratio of ␣-NH 2 -N/aminosugar-N after about 200 days of incubation.
Decomposition of Fungal Cells
Low amino sugar concentrations in the beech litter at the beginning reflected the lack of amino sugar synthesis by the plants. The detected amino sugars were likely produced by the soil and epiphyllic microbial community prior to sample collection. As muramic acid in terrestrial soil (Hartung, 1989) .
uniquely originates from bacteria, and as the ratio of glucosamine of muramic acid is 1:1 in the peptidoglycan cell wall of bacteria, Chantigny et al. (1997) and Guggenberger et al. (1999) designated any excess glucosamine as fungal glucosamine. This may not always be correct because glucosamine may also occur in other bacterial products (Amelung, 2001) . Then the glucosamine-to-muramic acid ratio of living bacteria exceeds unity.According to Joergensen et al. (1995) , the glucosamine-to-muramic acid ratio of living bacteria ranged between Ͻ2 and 8. Nevertheless, in the samples of this study, the initial ratio of glucosamine to muramic acid averaged 89. This suggests that most of the glucosamine attached to the beech litter was fungal-derived.
At the beginning of the incubation, this fungal-derived glucosamine was degraded (Fig. 1b) . This degradation was apparently caused by bacteria, as indicated by increased contents of both bacterial biomarkers, muramic acid, and galactosamine (the latter also being common in actinomycetes and some rare fungi; for a review see Parsons, 1981; Amelung, 2001) . Subsequent accumulation of bacterial residues along with an initial decomposition of dead fungal biomass ( Fig. 1 ; Table 2 ) thus contributed to decreasing glucosamine/muramic acid and glucosamine/galactosamine ratios with increasing incubation time (Table 1) . In these terms, the temporary minimum of the glucosamine quantity after 29 days of incubation ( Fig. 1 ) might reflect a point at which bacterial synthesis of glucosamine compensated for losses of fungal-derived glucosamine.
Changes in Microenvironment
In all treatments, the pH values increased slightly during the incubation experiment (Table  1) . Since less acidic conditions favor soil bacterial growth (Arao, 1999) , raising pH during the incubation might have promoted the synthesis of the bacterial amino sugars muramic acid and galactosamine relative to glucosamine in all samples. The time pattern of the pH, however, was not influenced by any further mineral additions and, therefore, likely reflected microbial effects on soil solution chemistry. As lower pH values usually inhibit microbial activity (Donelly et al., 1990) , consistently lower pH in the Al and Fe relative to the Mn treatments may contribute to an inhibition of amino sugar synthesis by bacteria. However, accumulation of amino sugars was significantly less pronounced in the Fe treatment than in the control, although the pH did not differ significantly. Differences in pH between the Fe treatment and the control cannot, therefore, account for the differences in amino sugar dynamics; i.e. minerals rather than pH influenced amino sugar dynamics in the Fe treatment and, thus, most likely in the Al treatment as well. Kaiser and Zech (2000) found that mineral phases sorbed muramic acid in preference to other hexosamines and proposed that sorption of organic N was controlled by interactions of neighboring C functional groups rather than by direct contact of the N with the inorganic surface. If preferential bonding of muramic acid to mineral phases contributed to the decline in glucosamine-to-muramic acid ratios as incubation time proceeded, this should be most, rather then least, pronounced for the Al hydroxide treatment (it had the highest sorption capacity among the mineral phases; Kaiser and Zech, 2000; Table 1 ). In addition, because cellulase activity as well as carbohydrate and protein degradation were lower in the Al hydroxide treatment relative to the other treatments Zech, 1998, 1999) , we conclude that inhibition of amino sugar synthesis accounted for the reduced levels of bacterial N residue accumulation not only in the Al treatment but also in the Fe treatment. This could be caused by sorptive losses of labile C sources and nutrients (e.g., Jones and Edwards, 1998; Jones and Hodge, 1999) or by inhibitory effects of high metal concentrations on microbial activity at the beginning of the experiment (Foy, 1992; Leita et al., 1995; Kandeler et al., 1996) , or both. As a result, losses in glucosamine (Table 2) and structural litter compounds (e.g., cellulose; Miltner and Zech, 1998) were reduced.
Interactions with Minerals
Mn oxides did not inhibit bacterial amino sugar synthesis, despite having potential for SOM adsorption (Tipping and Heaton, 1983) . There may be several reasons for this. On the one hand, already low Mn concentrations may selectively inhibit fungal mycelium growth (Schlegel, 1992) ; on the other hand, increased pH might have selectively promoted bacterial growth. Higher bacterial activity in the Mn treatment, however, might have contributed to accelerated losses of carbohydrates in the Mn relative to the Al treatment (Miltner and Zech, 1998) . Thus, amino sugar-C concentrations (in g amino sugars kg Ϫ1 C) or the remaining organic matter were diluted in the Al hydroxide and concentrated in the Mn oxide treatment (Table 1) . Because litter-derived celluloses and hemicelluloses are free of N, such effects were not obvious for the amino sugar-N 604 AMELUNG, MILTNER, ZHANG, AND ZECH SOIL SCIENCE concentrations (in g amino sugars kg Ϫ1 N; Table  1 ).
CONCLUSIONS
The cycling of N during 498 days of beech leaf litter decomposition resulted in an increased accumulation of bacterial residues. Minerals did not affect the quantity of microbial N stored in the amino sugar pool, but they did affect the distribution of N among bacterial and fungal residues and the distribution of C between microbial-and plant-derived compounds. The surface active mineral phases of Al hydroxide and Fe oxide inhibited muramic acid accumulation, probably reflecting inhibited bacterial growth. This resulted in retardation of fungal residue decomposition, which compensated for the lower accumulation rate of bacterial residues. The effects of the minerals were probably caused by their influences on overall microbial activity rather than by changes in the microenvironment and interactions with amino sugars.
